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We previously identiﬁed the peroxin PEX13 in Trypanosoma brucei. Although lacking some features
considered typical of PEX13s, it appeared functional in the biogenesis of glycosomes, the peroxi-
some-like organelles of trypanosomatids. Here we report the identiﬁcation of a very different try-
panosomatid PEX13, not containing the commonly encountered PEX13 SH3 domain but having
other typical features. It is readily detected with the jackhmmer database search program, but
not with PSI-BLAST. This is the ﬁrst time different PEX13 isoforms are reported in a single organism.
We show that this PEX13.2, like the PEX13.1 previously described, is associated with glycosomes and
that its depletion by RNA interference affects the biogenesis of the organelles and viability of trypan-
osomes. The features considered typical of PEX13s are discussed.
Structured summary of protein interactions:
Pex19 physically interacts with Pex13.2 by two hybrid (View interaction)
Pex13.1 physically interacts with Pex13.2 by two hybrid (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction gree of mislocalisation of glycolytic proteins from the glycosomeTrypanosoma brucei is a parasitic protist responsible for sleeping
sickness, a potentially fatal disease of humans in sub-Saharan
Africa, and a similar disease called nagana of livestock animals. It
lives in the bloodstream and other extracellular ﬂuids of its mam-
malian host and is transmitted by the bite of tsetse ﬂies. These
parasites belong to the class Kinetoplastea, order Trypanosomatida
[1] together with the other human pathogens Trypanosoma cruzi,
responsible for Chagas’ disease and Leishmania spp., the causative
agents of a variety of disorders collectively called leishmaniases.
Trypanosomatids possess peroxisome-like organelles called
glycosomes which, however, are unique in the sense that they con-
tain the majority of the enzymes of the glycolytic pathway [2,3]. In
other organisms glycolysis is a cytosolic process. It has been shown
that this compartmentalization is essential for the viability of the
bloodstream form (BF) of the parasite, for which glycolysis is the
only source of ATP, and also for the procyclic form (PF), the life-cy-
cle stage of the parasite present in the midgut of the tsetse ﬂy,
when in vitro cultured in the presence of glucose. Even a small de-chemical Societies. Published by E
argeting signal; RNAi, RNA
PF, procyclic form
. Michels).into the cytosol can cause cell death (reviewed in [4,5]).
Peroxisomal and glycosomal matrix proteins are encoded in the
nucleus and synthesized on free ribosomes in the cytosol. The post-
translational import of these proteins into the organellar matrix is
dependent on an amino-acid sequence motif, a so-called peroxi-
somal-targeting signal (PTS). More commonly this may be a PTS1,
a speciﬁc C-terminal sequence such as SKL or three amino acids
with similar physicochemical properties. The alternative PTS2 is a
more complex nonapeptide sequence found in the N-terminal
region of a number of other peroxisomal/glycosomal proteins. Tar-
geting can also bemediated by a polypeptide internal sequence or I-
PTS. However, the I-PTS motifs of different proteins do not share a
consensus sequence and themeans of import of proteins possessing
such a PTS has not been unambiguously established: it may, at least
in some cases, involve piggy-back transport on a PTS1 or PTS2 con-
taining protein [6,7]. The PTS1 and PTS2 of newly synthesized pro-
teins to be imported are recognized by the cytosolic receptors PEX5
and PEX7, respectively. The receptors, with their cargo-proteins
bound, interact with an assembly of proteins associated with the
peroxisomal/glycosomal membrane known as the docking com-
plex. This complex comprises PEX13, PEX14 and in yeasts also
PEX17. The docking leads to a number of successive conformational
changes, protein–protein interactions (reviewed in [5]) and thelsevier B.V. All rights reserved.
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cargo proteins into the matrix of peroxisomes/glycosomes. After
releasing their cargos, the receptors PEX5 and PEX7 are retrieved
from the organelle into the cytosol by a ubiquitination dependent
process to become available for mediating new rounds of import.
The energy required for the import seems to be mainly provided
in the later steps of the cyclic process, by ATP that is hydrolyzed
by the AAA+-ATPases PEX1 and PEX6 for the retrieval of the ubiqui-
tinated receptors from the organelles.
PEX13 is part of the docking complex and participates in the im-
port of peroxisomal matrix proteins. It is an integral peroxisomal
membrane protein that is only poorly conserved between different
organisms. Its N- and C-termini are exposed to the cytosol. Com-
mon features in the N-terminal region are a proline-rich portion,
often harbouring a KPWE motif, followed by a Gly-rich segment
containing multiple YG motifs. The C-terminal region typically
contains two membrane-spanning helices followed by a SH3
domain that interacts with PEX5 in yeast.
Peroxisome biogenesis has been studied in a variety of organ-
isms, most notably in yeasts. A combined, not-redundant set of
33 peroxins (PEX) involved in the process have been identiﬁed in
Saccharomyces cerevisiae and other organisms. Research on the bio-
genesis of T. brucei glycosomes has resulted in the identiﬁcation and
characterization of about 10 peroxins involved in matrix import,
including PEX13 (reviewed in [4,5]). TbPEX13 shares very low over-
all sequence identity when compared to its counterparts from other
organisms and is unusual in several respects: (1) it lacks the pro-
line-rich motif usually found near the N-terminus; (2) unlike other
PEX13s it has at its C-terminus a PTS1-like signal (TKL) that is con-
served in all trypanosomatids [9]. The function for this signal is still
unknown since the association of this PEX, being a peroxisomal
membrane protein, with the glycosomes is supposed not to be
dependent on a PTS1 or PTS2, but on another type of signal (a mPTS
or membrane peroxisomal-targeting signal) that is recognized by
another cytosolic receptor, PEX19. TbPEX13 has been conﬁrmed
to be a glycosomal membrane protein, to interact with TbPEX5
and TbPEX14 and to be involved in the import of glycosomal matrix
proteins. By RNA interference (RNAi) it was shown to be essential
for the survival of both bloodstream and procyclic cells [9].
In this paper we report the identiﬁcation of another TbPEX13,
called TbPEX13.2. It has a higher overall sequence identity to
PEX13 from other organisms than does TbPEX13.1, also possesses
a YG motif-containing, Gly-rich region and two predicted trans-
membrane regions, but lacks a SH3 domain and a PTS1. Its glyco-
somal localization and involvement in glycosome biogenesis
were experimentally demonstrated. This is the ﬁrst report from
any species of two distinct, very different PEX13 isoforms being in-
volved in the biogenesis of organelles of the peroxisome family.2. Materials and methods
2.1. Bioinformatics
Iterative database searches were done with the jackhmmer pro-
gram of the HMMER3 suite [10] or PSI-BLAST [11] in the UniProt
database [12], varying inclusion thresholds – 1  103, 1  106
or 1  109 – but leaving other parameters as default values. Motif
searches were done with ps_scan [13], transmembrane helices pre-
dicted with TM-HMM [14], and alignments visualized and manip-
ulated with Jalview 3 [15].
2.2. Trypanosome growth
Bloodstream-form (BF) T. brucei cells of strain Lister 427, cell
line 90–13 [16] possessing a chromosomically integrated T7 poly-merase gene and the tetracycline (Tet) repressor gene from Esche-
richia coli were cultured in HMI-9 medium containing 10% foetal
calf serum (Gibco) and 2.5 lg/mL G418 (Gibco). The cells were
incubated at 37 C with 5% CO2.
Procyclic-form (PF) cells of T. brucei Lister 427, cell line 449 [17]
with the E. coli Tet repressor gene integrated in its genome were
cultured in SDM-79 medium [18] containing 15% foetal calf serum
and 0.5 lg/mL phleomycin (Cayla). PF trypanosomes of cell line
29–13 [16] were cultured in SDM-79 containing 15% foetal calf ser-
um, 50 lg/mL hygromycin (Sigma–Aldrich) and 15 lg/mL G418.
Cells were incubated at 28 C with 5% CO2.
2.3. Preparation, cloning and expression of DNA constructs
A construct was made with the trypanosome-speciﬁc pGC1 vec-
tor that allows the expression of an N-terminally GFP-tagged pro-
tein upon induction with Tet [19]. To that end the PEX13.2 gene
was ampliﬁed by PCR using the primers 50-TTAAGCTTTTATGTCGG-
CAGCATGG-30 (forward) and 50-AAGGATCCCTAACGAGTAATCCTT
TTT-30 (reverse); the HindIII and BamHI restriction sites are under-
lined and the start and stop codons are italicized in the primer se-
quences. The ampliﬁcation conditions were: ﬁrst a DNA
denaturing step at 95 C for two min, followed by 30 cycles of
95 C for 30 s, 50 C for 30 s and 72 C for oneminwith a ﬁnal exten-
sion step of 72 C for ﬁve min. The ampliﬁed DNA was veriﬁed by
sequencing (Macrogen, South-Korea). Clones of transfected PF cells
having the construct incorporated in the genome were selected for
blasticidin (Invitrogen) resistance. For ﬂuorescence microscopy
experiments GFP-tagged PEX13.2 was expressed by addition of
5 lg/mL Tet to the medium for 24 h.
Another trypanosome-speciﬁc construct was created using the
vector p2T7–177 to generate RNAi against PEX13.2 in BF cells. The
same ampliﬁed DNAwas used to place the gene between two oppo-
site Tet-inducible T7 promoters to generate two complementary
RNA strands that will direct the degradation of mRNA matching
the sequence and consequently the depletion of the protein from
the cells. Positive clones were selected by resistance to phleomycin.
RNAi was induced by the addition of Tet (1 lg/mL) to the medium.
2.4. Confocal ﬂuorescence microscopy
For acquisition of images a Cell Observer Spinning Disk micro-
scope was used. Poly-L-lysine was used to coat the slides. Trypano-
someswere ﬁxedwith 4% formaldehyde and permeabilizedwith 1%
Triton X-100. Anti-PEX11 (gift from F. Vonken), a glycosomal mem-
brane protein, was used at a 1:5 dilution (in PBS containing 2% BSA)
to assess for colocalization with GFP-tagged PEX13.2. Secondary
antibody Alexa 568 anti-rabbit IgG (Molecular Probes) were used
at a dilution of 1:800. Mowiol was used as the mounting medium.
2.5. Subcellular location of proteins by selective membrane
permeabilization with digitonin
To study the effects of depleting PEX13.2 on the subcellular dis-
tribution of proteins, BF trypanosomes possessing an integrated
RNAi p2T7-177-PEX13.2 construct were grown in the presence or
absence of Tet (1 lg/mL in DMSO). After 24–48 h samples were
collected and the total protein concentration was determined.
Samples of trypanosomes, each corresponding to 100–200 lg of to-
tal protein, were treated with the detergent digitonin. All samples
were exposed for the same period, 4 min, to digitonin, each at a dif-
ferent concentration of the detergent. This allowed the permeabi-
lization of the different membranes of the cells (plasma,
glycosomal and mitochondrial membrane, successively) each to a
different extent, according that membrane’s sterol content. The
incubation was then stopped by centrifugation (2 min, 13,000g)
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PAGE and western blot analysis. Protein bands were revealed using
an ECL system (Pierce) followed by ﬁlm exposure. Films were
scanned and all bands quantiﬁed with the ImageJ program. To as-
sess if the RNAi targeting of PEX13.2 caused mislocalisation of gly-
cosomal matrix proteins to the cytosol, the subcellular distribution
of PTS1 and PTS2 proteins as well as cytosolic proteins was ana-
lyzed in wild-type, induced and non-induced trypanosomes.
2.6. Protein interaction studies with the yeast two-hybrid system
Possible interactions betweenTbPEX13.2 andother peroxinswere
tested using the yeast two-hybrid methodology. DNA segments cor-
responding to full-length proteins or fragments of proteins whose
interactionswere tobe testedwereexpressed in S. cerevisiaeas fusion
proteins with GAL4BD or GAL4AD, using the vectors pGAD424 and
pGBT9(Clontech). pGAD424hasalsoa targetingsequence thatdirects
the two interacting proteins to the nucleus. After cotransformation,
cellswere kept at 30 C for 72 h and then tested for a lacZ+ phenotype
in a X-gal assay. As negative controls, yeast cells were also cotrans-
formedwith each construct togetherwith the empty opposite vector.
For making a construct with the full-length PEX13.2 gene ampliﬁca-
tionwasperformedwith the forwardprimer5’-AAGAATTCATGTCGG-
CAGCAGT-3’, where the EcoRI restriction site is underlined and the
start codon italicized. The same oligonucleotide as was used to pre-
pare the insert of the pGC1 construct (see section 2.3) served as re-
verse primer. For a construct with the N-terminal region of PEX13.2,
the ﬁrst 462 bp of the gene were ampliﬁed using the same forward
primer as for the full-length construct and the oligonucleotide 5’-
AAGGATCCCTACATGAAAGTCATTTGAC-3’ as reverse primer, where
the BamHI restriction site is underlined and the stop codon added to
the sequence italicized. Yeast two-hybrid constructs with the same
vectors have been prepared previously for the full-length PEX13.1
and its SH3 domain and for the full-length PEX5, PEX14 and PEX19
[9]. Yeast cell culturing, transformation and X-gal assays were per-
formedaccording to theprotocolsprovidedbyClontech for itsMatch-
maker two-hybrid system.
3. Results and discussion
3.1. Identiﬁcation of a second T. brucei PEX13 homologue and
comparison of its sequence with other PEX13 sequences
Previously, the identiﬁcation of trypanosomatid PEX13.1 could
not bemade by conventional (PSI-) BLAST database searches and in-
stead resulted fromamotif- anddomain-based search strategy [9]. A
likely contributor to the failure of the BLAST searches is the unusual
sequence composition of PEX13, containing a long, Gly-rich region
with multiple YG motifs: such regions of composition bias remain
problematic for BLAST programs, leading to the contamination of
search results with unrelated proteins, despite successive improve-
ments in their treatment [20,21]. Comparison of a newer hidden
Markovmodel-based program, jackhmmer, with PSI-BLAST showed
that the former was signiﬁcantly more resistant to search contami-
nation (with obvious unrelated sequences such as ribonucleopro-
teins and ATP synthase) and it was employed to search for protist
PEX13 sequences. Surprisingly, jackhmmer retrieveda secondgroup
of trypanosomatid sequences which, after their later characteriza-
tion (below), were named PEX13.2. The T. cruzi PEX13.2 sequences,
for example, could be retrieved usingwell-knownPEX13 sequences,
from human, Arabidopsis or yeast, after four, two or three iterations,
respectively, using an inclusion threshold of 1  106. Trypanoso-
matid PEX13.1 sequences, by contrast, failed to retrieve the new
group. PSI-BLAST failed to retrieve the trypanosomatid PEX13.2 se-
quences using any of these query sequences before corruption of
the searches occured.An alignment of trypanosomatid PEX13.2 proteins is shown in
Fig. 1A. In the present databases, the Leishmania sequences vary
considerably at the N-terminus. The L. infantum sequence is much
shorter than the L. major counterpart, suggestive of erroneous gene
calling. On the other hand, other Leishmania sequence termini,
especially that of L. tarentolae, are longer than that of L. major
but bear little similarity to those of Trypanosoma species in the re-
gion whose translation starts are consistently similar. Experimen-
tal data may be required to resolve the issue. Fig. 1B shows a
comparison of the features seen in different groups of PEX13 pro-
teins. The SH3 domain was long considered a primary characteris-
tic of PEX13 proteins [22], but it is absent from plant sequences [9]
and also from the new trypanosomatid PEX13.2 proteins. Less
commented, but well conserved and shared between fungal, ani-
mal and plant PEX13s is a KPWE motif, often preceded by several
Pro residues, located near the N-terminus. This feature was absent
from trypanosomatid PEX13.1 proteins and it is not conserved in
all PEX13.2 sequences either, although the T. cruzi protein does
contain a RPWE sequence starting at position 6. All known PEX13
proteins are integral membrane proteins, typically with two pre-
dicted transmembrane helices. Indeed TM-HMM predictions for
PEX13.2 sequences pick out two regions (Fig. 1A). The PTS1 se-
quence found at the end of the PEX13.1 sequence, whose function
remains cryptic, is not seen in the PEX13.2 proteins. Finally, like
other PEX13s, the new group contain YGmotif-containing, Gly-rich
regions of 50–60 residues in length. As Fig. 1B makes clear, trans-
membrane regions aside, this region is the only obvious character-
istic shared by all known PEX13 groups.
A comparison of trypanosomatid PEX13.1 and PEX13.2 se-
quences with PEX13 proteins from selected other organisms is
shown in Supplementary Fig. S1. Sequence identity between the
two trypanosomatid groups is insigniﬁcant at 11–16%. Indeed,
the inclusion of PEX13.1 sequences in the alignment is for compar-
ison only: homology between them and the other sequences can-
not presently be demonstrated. While a trypanosomatid lineage-
speciﬁc gene duplication followed by extreme divergence may still
be considered the most likely explanation for the origin of the
PEX13.1 and PEX13.2 groups, evidence is currently lacking. For
example, although PEX13.1, yeast and animal sequences all contain
an SH3 domain, that of PEX13.1 bears no particular evolutionary
afﬁnity for the others. The trypanosomatid PEX13.2 sequences, in
contrast, are detectably similar to human, plant and yeast PEX13s
by modern database search software (see above). PEX13.2 se-
quences share 10–22% sequence identity with the other proteins
shown in Supplementary Fig. S1.
3.2. The putative T. brucei PEX13.2 is associated with glycosomes
To identify the subcellular localization of the putative
TbPEX13.2, a procyclic cell line was created that, upon induction
by addition of Tet, expressed an N-terminally GFP-tagged version
of the protein. The trypanosomes were collected 24 h after induc-
tion, and the localization of the ﬂuorescent GFP-TbPEX13.2 was
determined by confocal microscopy. The glycosomal membrane
protein PEX11 was used as a control for glycosomal localization.
GFP-tagged TbPEX13.2 showed a punctate pattern characteristic
of glycosomal localization and it colocalized with the glycosomal
marker PEX11 (Fig. 2), indicating that the putative TbPEX13.2 is in-
deed associated with these organelles.
3.3. TbPEX13.2 is an essential protein, involved in the import of
glycosomal matrix proteins
A T. brucei BF cell line was created to study the function of
TbPEX13 by decreasing its expression by RNAi. To that end, trypan-
osomes of the 90–13 cell line were transfected with the vector
Fig. 1. (A) Sequence alignment of trypanosomatid PEX13.2 proteins in the TriTryp database release 4.0. Identiﬁers are as follows: T. brucei, Tb09.211.1050; T. vivax,
TvY486_0904050; T. cruzi_1, Tc00.1047053506885.180; T. cruzi_2, Tc00.1047053510729.230; T. congolense, TcIL3000.0.23750; Crithidia fasciculata, Contig662-5-8715-7804;
Endotrypanum monterogeii, EmtLcontig1-2-1808759-1809715; L. panamensis, LpnLscaffold72-6-131166-130213; L. braziliensis, LbrM.34.4910; L. tarentolae, LtaP35.4940; L.
major, LmjF.35.4960; L. mexicana, LmxM.34.4960; L. infantum, LtaP35.4940. The N-terminal 112 residues of the L. tarentolae sequence are not shown. The RWPE motif in the T.
cruzi sequences is picked out in white on red, boxes indicate predicted transmembrane helical regions. (B) Schematic ﬁgure, not to scale, of speciﬁc molecular features in
PEX13 sequences from different organisms. Green boxes are predicted transmembrane helices. The dotted lines around the N-terminal motif in trypanosomatid PEX13.2
sequences indicate that the motif is only present in the T. cruzi sequences (see Fig. 1A).
1768 A. Brennand et al. / FEBS Letters 586 (2012) 1765–1771p2T7–177 in which the PEX13.2 gene had been placed between the
two opposite, Tet-inducible, T7 promoters. Three clones were ob-
tained of which the cells underwent important growth retardation
upon induction of RNAi (Fig. 3). It was repeatedly observed that
parasites of these clones started dying within 24 h after inductionof RNAi, indicating the importance of PEX13.2 for the parasites.
However, at 48 h after induction, the growth and death rates of
cells balanced, as the number of cells remained the same, whereas
after 48 h the population of parasites slowly recovered, eventually
resulting in a growth rate similar to that of wild-type cells. This
Fig. 2. Procyclic T. brucei expressing GFP-tagged PEX13.2 as visualised by confocal ﬂuorescence microscopy. Two trypanosomes are present in the image. The green
ﬂuorescence of the tagged protein is shown in the top left panel. The glycosomal marker anti-TbPEX11, revealed in both trypanosomes by red ﬂuorescence using anti-rabbit
IgG conjugated Alexa-568, is shown in the top right panel. PEX13.2 and PEX11 colocalize, as shown by the yellow colour resulting from the merge of the signals (bottom left
panel). The colocalisation of the two markers is further evidenced by a track analysis of the individual green and red ﬂuorescence throughout the cell image with the merged
signal (bottom right panel). The track analysis (giving intensity versus distance on track) was performed with AxioVision software (4.8.2; Zeiss, Germany).
Fig. 3. Effect of RNAi-dependent depletion of PEX13.2 on the growth of blood-
stream-form trypanosomes. The growth proﬁles of wild-type (WT) cells (X) or cells
possessing the construct for production of double-stranded PEX13.2 RNA were
determined for cells growing in the absence (j, NI) or the presence (N, I) of the
tetracycline, the inducer of double-stranded RNA expression. Tetracycline was
added at t = 0. The increase in cell number in induced cultures after 48 h is
attributed to revertants of the RNAi mutants. In different experiments, the timing of
the appearance of RNAi revertants varied. Prolonged pre-culturing in the absence of
tetracycline resulted in a more rapid appearance of revertants after the addition of
inducer.
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ten reported for trypanosomes and was attributed to the arising of
revertants which had undergone genomic changes affecting either
the promoter region of the RNAi construct or the deletion of the
deleterious RNAi cassette from the genome of the parasites
[23,24]. Despite repeated attempts, no clones of procyclic trypano-
somes with the RNAi construct were obtained.
To assess the role of the protein in glycosome biogenesis, one BF
RNAi clone was used for a digitonin permeabilization experiment
in which aliquots of trypanosomes were incubated for the same
period with increasing concentrations of the detergent, followed
by centrifugation to separate the cells from the medium. Digitonin
permeabilizes membranes as a function of their sterol levels, so
that at low concentration of the detergent only the plasma mem-
brane is affected allowing proteins present in the cytosol to be re-
leased from the cells. At higher concentrations the glycosomal and
mitochondrial membranes are successively permeabilized, causing
the release of glycosomal and eventually also mitochondrial matrix
proteins. The RNAi induced effect on the sequestering of glyco-
somal matrix proteins was studied by comparing BF 90-13 wild-
type trypanosomes, and cells of the PEX13.2 RNAi cell line that
were either non-induced or induced for 24 h. The experiments
were repeatedly performed and proteins in different cell fractions
quantiﬁed as described in Section 2.5.
Differences were reproducibly observed in the release of glyco-
somal matrix proteins between BF trypanosomes induced for RNAi
and wild-type trypanosomes, but not in the release of a cytosolic
marker protein, the cytosolic isoenzyme of glyceraldehyde-3-phos-
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leased, in wild-type and RNAi mutant trypanosomes, at digitonin
concentrations of 0.05 mg/mg total cellular protein (Fig. 4). Low
amounts of both the PTS1-protein glycerol kinase (GK) and the
PTS2-protein aldolase (ALD) were already released below 0.25 mg
digitonin/mg protein, a concentration at which usually, in wild-
type cells, glycosomal proteins start to appear (Fig. 4). At this latter
detergent concentration, almost all GK and ALD were released in
the RNAi mutant, while the released levels in wild-type cells were
consistently at least twofold lower. For the glycosomal isoenzyme
of GAPDH (gGAPDH), release at low concentrations was never
observed, but at 0.25 mg digitonin/mg protein all of this enzyme
appeared, whereas in wild-type cells the release was only partial
(about 20%) and higher detergent concentrations were required
to free all GAPDH from the cells. No effect of RNAi was observed
on the digitonin-dependent release of the I-PTS protein triosephos-
phate isomerase.
These data strongly suggest that TbPEX13.2 might be involved
in the import of these glycosomal matrix proteins into the glyco-
somes. The RNAi-dependent decrease of the peroxin levels is
considered to cause the import arrest of newly synthesized matrix
proteins from the cytosol into the organelles. As explained previ-
ously, no drastic relocalization can be observed, because the pres-
ence of glycosomal enzymes outside the organelles, even at low
activity, is highly detrimental for trypanosomes, particularly when
they are dependent on glycolysis such as in the bloodstream stage
[25–27].
We also observed an effect on the association of PEX14 with the
glycosomal membrane when the RNAi mutant was induced. At
0.01 mg digitonin/mg protein, the RNAi cell line trypanosomes re-
leased almost four times more PEX14 into the supernatant thanFig. 4. Release of proteins from digitonin-treated trypanosomes. Bloodstream-form
trypanosomes, wild-type (WT) cells and those of the PEX13.2 RNAi cell line induced
(I) for RNAi by the presence of Tet, were treated with different concentrations of
digitonin, indicated as mg digitonin added per mg of total cell protein. Measure-
ments of induced cells were performed 24 h after addition of Tet. The appearance of
glycosomal proteins in the supernatant, after centrifugation of the detergent treated
trypanosomes, at lower digitonin concentration or to a larger extent in the induced
clones than in the wild-type is an indication of mislocalisation of these proteins
from the glycosome to the cytosol in the RNAi cell lines. The experiment was
performed repeatedly. A representative result is shown in this ﬁgure. Quantiﬁcation
was done at least twice for each protein in independent experiments.wild-type cells. PEX14 binds to the peroxisomal membrane in all
cells analyzed, including T. brucei [24]. The correct association of
PEX14 with the peroxisomal/glycosomal membrane has been
shown to be dependent on PEX13 for yeast [28] and PEX13.1 in
T. brucei (E. Verplaetse and PM, unpublished results). As shown
in Fig. 4, upon PEX13.2 RNAi in bloodstream cells, PEX14 becomes
partially mislocalized to the cytosol, indicating that PEX13.2, to-
gether with PEX13.1 and possibly other partners, plays a role in
the correct localization of PEX14 to the glycosomal membrane in
the parasite.
3.4. TbPEX13.2 interacts with other T. brucei PEX proteins
To verify the interaction of PEX13.2 and other peroxins of T. bru-
cei, yeast two-hybrid assays were performed. Unfortunately, in
most of the experiments an autoactivation by the N-terminal frag-
ment of PEX13.2 expressed in the pGBT9 vector was observed.
Moreover, there was often no cell growth when cells were trans-
formed with the construct of the full-length PEX13.2 in the pGBT9
vector, preventing the reproducible use of this construct for pro-
tein–protein interaction tests in a X-gal assay. Results described
here were observed, unless stated otherwise below, after co-trans-
formations of constructs with the gene encoding the full-length or
N-terminal PEX13.2 in the pGAD424 vector and the gene for a dif-
ferent peroxin in pGBT9, and where the negative controls yielded
cells with a lacZ phenotype in X-gal assays.
In four independent experiments PEX13.2 interacted with
PEX13.1; one of these positive results was obtained in an experi-
ment performed with just the SH3 domain of PEX13.1 and showed
interactions between the peroxins in constructs made with both
reciprocal combinations of the vectors. Twice an interaction of
PEX13.2 with both PEX5 and PEX19 was observed. Interestingly,
we observed only once a positive result for the interaction between
the N-terminal domain of PEX13.2 and full-length PEX14, while
several other attempts were negative. These latter results may be
due to technical problems: for example these proteins, both
expressed with the hydrophobic regions responsible for membrane
association, are misfolded and cannot interact and/or one or both
of them fail to reach the nucleus.4. Conclusion
The data presented in this paper and previously [9] together
show that trypanosomatids contain two functional PEX13 proteins.
The reason for this is unclear, but it is interesting to note that most
organisms only contain one: the only exceptions presently evident
by database searching also containing two are the protist Tetrahy-
mena thermophila and some plants, including wheat and rice but
not Arabidopsis. Interestingly, these two very different T. brucei iso-
forms of PEX13 appear to interact with each other, as shown in the
two-hybrid assays and are both important for the correct associa-
tion of PEX14 with the glycosomal membrane. Moreover, they are
not redundant; decreasing the cellular level of one of them, either
PEX13.1 or PEX13.2, appears to affect glycosome biogenesis, as
shown by relocation of glycosomal matrix enzymes to the cytosol,
and is detrimental for growth of the trypanosomes.
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